Transglutaminases (protein-glutamine -glutamyltransferase, EC 2.3.2.13, TG) are a family of enzymes that catalyze an acyl transfer reaction between a free amine group and a -carboxamide group of proteinbound or peptide-bound glutamine. 1) TGs derived from eukaryotes, including human blood coagulation factor XIII, 2) human tissue TG, 2) pig liver TG, 3) and fish liver TG, 4) are calcium-dependent, poly-subunit enzymes. To date, there are nine distinct TG isoenzymes in mammals identified at the genomic level, of which eight are structurally and functionally related to the function of TGs, viz., TG 1-7 and factor XIII. 5, 6) In prokaryotes, calcium-independent TGs with only one subunit have been discovered in Streptomyces 7, 8) and Bacillus. 9, 10) A typical microbial transglutaminase (MTG) was produced by the wild-type Streptomyces mobaraensis strain, which is widely used as a protein crosslinking enzyme, especially in food processing. 11) To date, the main source of MTG is conventional fermentation at high cost. Hence it is desirable to develop an efficient production system for MTG for industrial applications. However, the active form of MTG expressed in Escherichia coli results in the formation of insoluble inclusion bodies, 12, 13) which require a complicated refolding process, 14, 15) and the level of expression is low in Streptomyces lividans.
16) By contrast, its pro-MTG has been successfully expressed in soluble form in E. coli 17, 18) and Corynebacterium glutamicum. 19, 20) Furthermore, E. coli as the principal expression system has a potential capacity for the production of MTG due to easy transformation and cloning, fast growth, low cost, and high-density cultivation.
The active form of MTG is a toxic protein for the host stain due to its role of crosslinking protein. In the wildtype strain S. mobaraensis, MTG was expressed as a pre-pro-enzyme and secreted into the medium, which was activated by two proteases co-secreting from S. mobaraensis. 21, 22) In vitro, the pro-peptide of MTG was cleaved by several proteases for activation. A set of commercially available proteases have been investigated for their activation function.
23) The neutral protease from Bacillus polymyxa (Dispase) and the endogenous protease from S. mobaraensis (TAMEP) were found to activate pro-MTG without degradation, but they are much too expensive to be used in large quantities, or are not commercially available. Trypsin has also been used in the activation of pro-enzyme with the degradation of the MTG, 23) and it can be easily used in the largescale preparation of MTG as a commercially available source at low cost. The proteolytic activation of bulk quantities of pro-MTG is the major task for industrial biotechnology.
Here we report that pro-MTG-His 6 was expressed in soluble form in E. coli under high-density culture. The procedure of on-column activation using trypsin with purification online was designed for MTG-His 6 production. The quantity of active MTG-His 6 accounted for 88.9% of the total pro-MTG-His 6 . The storage stabilization of MTG-His 6 was improved due to trypsin quick separation from the active form of MTG. This has potential to be used in MTG-His 6 production on a commercial scale.
Extraction of genomic DNA from S. mobaraensis was carried out using a Bacteria Genomic DNA Mini Preparation Kit (Newprobe, Beijing, China). The pro-MTG gene was amplified from the genomic DNA of S. mobaraensis. The forward primer (5 0 -CATGCCAT-GGACAATGGCGCGGGGGAAG-3 0 ) contained the NcoI site, and the reverse primer (5 0 -CCGCTCGAGC-GGCCAGCCCTGCTTTACC-3 0 ) contained the XhoI site.
17) The PCR reaction was performed by Takara LA Taq DNA polymerase in Mastercycler (Eppendorf, Germany) over 10 min at 95 C, 30 cycles of 1 min at 94 C, 45 s at 65 C, 2.5 min at 72 C, and a final elongation step of 10 min at 72 C. 17) The pro-MTG gene was subcloned into the NcoI/XhoI site of pET22b to construct expression vector pET-proMTG.
To determine the expression profile of pro-MTG-His 6 , expression vector pET-proMTG was transformed into strain E. coli BL21 (DE3). Recombinant protein expression was induced by IPTG after cooling the cultivation temperature from 37 C to 24 C. E. coli BL21 (DE3) was grown in a shake flask with LB medium or a 2-liter fermentor with fermention medium y To whom correspondence should be addressed. Tel: +86-20-39380616; E-mail: btlipan@scut.edu.cn (1% tryptone, 0.5% yeast extract, 12 mM Na 2 HPO 4 , 15 mM KH 2 PO 4 , 14mM NaCl, 40 mM (NH 4 ) 2 SO 4 , 20 mM glucose, 12 mM MgSO 4 , pH 7.0) and feeding medium (20% glucose, 2 mM Na 2 HPO 4 , 3 mM KH 2 PO 4 , pH 7.0). The E. coli cells were harvested by centrifugation at 10;000 Â g for 5 min, and lysed by adding 10 ml of disintegration buffer (0.5 M NaCl, 20 mM TrisHcl, pH 8.0) to 1 g of wet cells using ultrasonic disruption (400 w, 3 s on, 3 s off, 15 min). 24) Then the protein samples were purified with a Ni-NTA column (GE Healthcare) using a standard affinity procedure. The target protein was analyzed by SDS-PAGE and identified by Western blotting. Activation of pro-MTG-His 6 was performed by adding trypsin to a terminal concentration of 200 mg/ml for 30 min at 37 C. The activity of MTG-His 6 was assayed by the colorimetric hydroxamate procedure. 3) After ultrasonic disruption and centrifugation, the supernatant and the pellet represented the soluble and insoluble fraction respectively. The pellet was placed into isopyknic disintegration buffer. Because the pellet was insoluble, we could not determine the protein concentration. Fifteen ml of each fraction was analyzed by SDS-PAGE, and the supernatant fraction was identified by Western blotting (Fig. 1A) . The results of Western blotting confirmed that pro-MTG-His 6 was expressed as the soluble form in the supernatant fraction (lane 5). The supernatant fraction only at lower temperature without IPTG induction was the control (lane 1). Expression of soluble pro-MTG-His 6 was improved efficiently by combining the temperature shift strategy with IPTG induction (lane 2), and purification was good (lane 3). Compared with the insoluble fraction (lane 4), there was about 70% of total pro-MTG-His 6 in the form of the soluble protein as estimated by Bandscan software.
To determine the conditions for high-density cultivation for maximal pro-MTG-His 6 production, BL21 (DE3) cells carrying pET-proMTG were grown at 37 C on fermention medium in 2-liter of fermentor (Fig. 1B) . The dissolved oxygen concentration was maintained above 20% of the saturated oxygen concentration during cultivation. At 6.25 h of cultivation, feeding cultivation was initiated. When the cell growth (OD 600 ) reached about 50 at 18 h, IPTG was pumped into the medium to induce gene expression after lowering of the temperature to 24 C. The time course of induction showed that the activity of soluble pro-MTG-His 6 in E. coli BL21 climaxed after 6 h of IPTG induction at 24 C (Fig. 1C) . The maximum yield was 8,000 U/l bioreactor volume. The yield of CDM was 19.87 g/l. Crude extract of the high-density cells was produced by ultrasonic disruption, and recombinant pro-MTG-His 6 was purified by Ni-NTA column affinity chromatography. MTG-His 6 activity was determined after the standard activation procedure. The specific activities of the crude extract were 483.20 U/g CDM and 8.0 U/mg MTG-His 6 . After affinity purification, specific activity reached 17.2 U/mg MTG-His 6 with a yield of 89%.
To develop a preparative scale procedure for activation of the recombinant histidine-tagged enzyme, tissueculture-grade trypsin from bovine pancreas (250 N.F.U/mg, Amresco, Solon, Ohio, America) was first selected due to its commercial availability and cost savings. We designed the on-column activation purification online procedure. Crude extract from E. coli containing the pro-MTG-His 6 fusion protein was loaded and equilibrated on the column with binding buffer, and step activation of pro-MTG-His 6 was carried out by loading trypsin solution (200 mg/ml, dilution in binding buffer) to the affinity column, and then pausing the A, SDS-PAGE and Western blotting analysis of the recombinant pro-MTG-His 6 . 2 Â Sample buffer was used during the whole experiment. Ten ml of disintegration buffer was added to 1 g of wet cells, and 15 ml of samples were taken from different fractions. Lane 1, the soluble fraction without IPTG induction; lane 2, the soluble fraction after IPTG induction; lane 3, the eluted fraction of the Ni-NTA column; lane 4, the insoluble fraction after IPTG induction; lane 5, the Pro-MTG-His 6 identification by Western blotting. Lane M shows molecular weight markers. B, Growth profile of the high-density culture. BL21 (DE3) was cultivated at 37 C in 1-liter fermention medium with ampicillin (100 mg/ml). The dissolved oxygen concentration was monitored by online probe and controlled by the gas supply. Feeding cultivation was initiated and controlled by adding feeding medium. IPTG was pumped into the medium to a final concentration of 1 mM to induce gene expression after the cultivation temperature was shifted from 37 C to 24 C. C, Overproduction of the recombinant pro-MTG-His 6 with IPTG induction. Cell growth (OD 600 ) was maintained at about 50 OD 600 during induction. Optimal expression was determined by the enzyme activity of samples obtained from 0 h to 8 h of induction time.
chromatography system for 5 min, 15 min, or 60 min ( Fig. 2A) . The next step was washing the column with binding buffer again. Finally, step elution was performed using elution buffer containing 500 mM imidazole. The MTG-His 6 containing fractions were analyzed by SDS-PAGE and a storage test. In the key step of activation, the N-terminus pro-sequence of pro-MTGHis 6 was cleaved with trypsin while the C-terminus histidine tag of MTG-His 6 was still attached to the affinity column. Trypsin was added to the solution after elution to activate pro-MTG-His 6 as a control (Fig. 2A) . By two activation methods, a band with a molecular weight equivalent to mature MTG-His 6 was found. When the resident time was 15 min, about 88.9% of pro-MTG-His 6 was converted to mature MTG-His 6 by the on-column activation procedure, while only 61.2% of mature MTG-His 6 was obtained by in-solution activation (Fig. 2B) . However, when the resident time was prolonged to 30 min, this resulted in the loss of mature MTG-His 6 ( Fig. 2A, B) . In order to determine the storage stability of mature MTG-His 6 from on-column activation, 6 d of storage was done at 4 C. The sample was analyzed by SDS-PAGE (Fig. 2C) . In-solution activation of MTG-His 6 was used as a control, and the band of MTG-His 6 disappeared after 4 h of storage. By contrast, in on-column activation, the band of MTG-His 6 remained clear after 6 d of storage.
In order to determine whether the mature MTG-His 6 produced by on-column activation was a functioning protein, we assayed the polymerization protein by crosslinking, which reflects the key property of MTG. BSA cross-linking was carried out at optimal pH and temperature, followed by SDS-PAGE (Fig. 3A) . The amounts of the two main forms of BSA initially presented in the sample (arrow heads) but significantly decreased with reaction times as indicated, concomitantly with the formation of high molecular weight BSA polymers (black arrowhead). The cross-linking ability of the recombinant MTG-His 6 is shown in Fig. 3B . There was only 31.2% unpolymerized BSA left in the sample after 45 min of reaction time. The results indicate that the active form of recombinant pro-MTG-His 6 causes polymerization of BSA. Because of the ease of genetic manipulation and cultivation at low cost, the development of large-scale production of MTG in the E. coli expression system is very important for industrial applications. However, the insoluble form of inclusion body which was expressed in E. coli had to be refolded. The temperature shift strategy has been found to improve the expression of soluble pro-MTG from S. mobaraensis in E. coli due to downregulation of the expression rates at low temperatures. 17) Our results indicate that 70% of total pro-MTG-His 6 can be produced in soluble form using the temperature shift strategy and IPTG induction (Fig. 1A) . Under high-density cultivation, soluble pro-MTG-His 6 was expressed up to about 8,000 U/l or 465.12 mg/l of bioreactor volume. For comparison of the expression level with specific activity, this was 483.20 U/g CDM, similar to the results of Marx et al. (447 U/g CDM).
17)
The specific proteases cleave pro-MTG-His 6 at the N-terminus pro-sequence, which covers the substrate pocket and prevents substrates from entering the active site. 25) Trypsin, which is commercially available, has been used in the activation of pro-MTG isolated from S. mobaraensis. 23) However, there was unexpected degradation of pro-MTG with concomitant decreases in enzymatic activity during activation using trypsin. 23) Furthermore, MTG was stored with trypsin, resulting in complete digestion of the enzyme (Fig. 2C) . In on-column activation, contaminated proteins such as proteases were well washed out from the preparation, whereas in solution, it is difficult to be removed. The pro-MTG-His 6 on-column activation purification online can be improved to obtain an optimal quantity of MTGHis 6 and storage stabilization over long times, because mature MTG-His 6 was separated from trypsin immediately, preventing unexpected digestion to a great extent. Mature MTG-His 6 by on-column activation was confirmed as a functioning protein by a test of the activity of the polymerization protein (Fig. 3A) . This procedure has a potential in the production of MTG-His 6 on a commercial scale.
